INTRODUCTION
Novel technological developments in high-throughput DNA sequencing yield a plethora of sequence information from a steadily increasing number of species. This rapidly growing sequence information provides the basis for enhanced DNA-engineering methods, which has recently culminated in the complete chemical synthesis of a 582 kb Mycoplasma genitalium genome (1) . Other important applications for de genitalium genome (1) . Other important applications for de genitalium novo gene synthesis in biomedical research and biotechnology range from the cloning of individual genes to the development of synthetic DNA vaccines (2) , vectors for gene therapy (3) , and gene libraries for protein engineering and molecular evolution (4) .
The majority of currently used gene synthesis methods rely on the enzymatic assembly of chemically synthesized complementary oligonucleotides via stepwise or multiplexed polymerase cycling assembly (PCA). PCA-based methods are intrinsically error-prone due to the high error rate associated with oligonucleotide synthesis and sequence mutations introduced during PCR amplifi cation (5) . Several improvements for error reduction have been introduced, including approaches with mismatch cleaving endonucleases, exonuclease treatment, selection of failure DNA products with DNA-mismatch binding proteins, and functional screening of cloned constructs. Nevertheless, reduced synthesis quality with heterogenous products is still a major problem of conventional PCA methods.
Less frequently used non-PCA methods (5) include the annealing and ligation reaction, gene synthesis via one strand, insertion gene synthesis, template directed ligation, the ligase chain reaction, and microarray-based multiplex oligonucleotide synthesis. These non-PCA synthesis methods avoid sequence errors from PCR reactions and have less restrictions in DNA sequence design. However, these techniques also rely on target-specifi c high quality de novo oligonucleotide synthesis and several manual reaction steps, and are therefore often cumbersome, time-consuming, and expensive. Here, we describe a novel ligation-based strategy for chemical gene synthesis using the Sloning building block technology, Slonomics ® .
OUTLINE OF THE SLONOMICS ® TECHNOLOGY
In our method, a defi ned number of standardized building blocks is chemically synthesized as single-stranded oligonucleotides containing self-complementary regions. Intra-strand base pairing of these regions leads to the formation of a stable hairpin-like secondary structure comprising a short loop of four nucleotides, a double-stranded stem region assuring the stability of the molecule, and a three-nucleotide single-stranded overhang (Fig. 1) . Two different classes of building blocks are defi ned as "splinkers" and "anchors." All splinker molecules share the same scaffold structure SPONSORED PAPER Application Forum Figure 1 . The principal reaction schemes used in the elongation, starting with the library containing double-stranded DNA building blocks, i.e. 4096 (4 6 ) anchors and 64 (4 3 ) splinkers. Small sub-fragments (elongation blocks) of specific target sequence are generated through repeated reaction cycles of ligation, immobilization, washing, and restriction.
and differ only in their variable three-base single-stranded overhangs. In contrast, the anchor oligonucleotides differ in the overhang and also in the directly adjacent base triplet (Fig. 1) .
In order to create a library representing all possible permutations, 64 (4 3 ) different splinkers and 4096 (4 6 ) different anchor oligonucleotides are required. Each anchor molecule harbors an additional biotin modifi cation in the loop region, allowing the oligonucleotide to be coupled to a streptavidin-coated surface with high affi nity. The two types of oligonucleotides are further characterized by the presence of different recognition sites for type IIS restriction enzymes within their stem regions (Fig. 1) . The anchor oligonucleotide contains a recognition site for Eam1104I (CTCTTC [1/4] , generating a three-base overhang) and the corresponding splinker molecule harbors a recognition site for Esp3I Esp3I Esp (CGTCTC [1/5] , generating a four-base overhang).
To construct a large double-stranded DNA fragment from these molecular building blocks, the sequence is fi rst assembled as smaller sub-fragments of 18 bp. These socalled "elongation blocks" can be synthesized in parallel reactions. In the fi rst step, one anchor and one splinker molecule are ligated via hybridization (Watson-Crick base pairing) of complementary single-stranded overhangs. Generally, this step is performed in solution, since enzymatic reactions in solution occur at much faster rates than those on solid supports, where diffusion pathways are much longer. Following ligation, the resulting product is immobilized on a streptavidin-coated 96-well plate via the biotin modifi cation of the anchor molecule. Non-reacted material is removed in a washing step. The remaining surface-bound ligation products are subsequently cleaved by Eam1104I, which is specifi c for the anchor that donates the base triplet block (Fig. 1) . The cleavage of the ligation product by this restriction enzyme releases an elongated, highly pure "intermediate product" that has a new three-base single-stranded overhang and serves as an acceptor for the next anchor molecule. Thus, this reaction cycle results in the incorporation of three new bases to the growing chain and a shortened anchor that remains bound to the surface. This reaction cycle is repeated fi ve times to produce an 18 bp DNA fragment. For optimal reaction performance, the anchor molecules and the intermediate products should be present in equimolar concentrations. If one of the ligation partners is in excess, resulting in a mixture of correct, immobilized higher level ligation products and unreacted precursors, unligated intermediate products can be removed effi ciently by washing, while unligated anchors remain bound to the surface after cleavage.
As depicted in Figure 2 , the complete synthesis process comprises two distinct phases. During the initial "elongation" phase, short sub-sequences of the target molecule are produced as described above, resulting in individual elongation blocks with 18 independently defi nable base pairs. Since many of these reactions can be performed in parallel, the entire target sequence is already constructed during the initial elongation process, albeit as a series of short sub-fragments. In the second reaction phase, the socalled "transposition," the pre-assembled elongation blocks are connected in a pair-wise fashion after each block has been cleaved with the appropriate type IIS restriction enzyme (Fig. 2) . Restriction with Eam1104I results in the release of the elongation block from the surface and thereby generates a three-base overhang. Cleavage with Esp3I removes the Esp3I removes the Esp splinker-component of the molecule, leading to a four-base overhang. The resulting molecules can be assembled in a highly selective manner due to the different length and specifi c sequences of their overhangs.
Additionally, depending on the restriction by Eam1104I, the ligation reactions can be performed at the solid surface or in solution, which allows for the focus to be on either product purity or yield. Since the resulting molecules still harbor the constant anchor and splinker regions at their terminal ends, this reaction cycle (including washing steps) can be repeated several times, each round resulting in DNA molecules that have doubled in length with respect to those of the previous round. At different transposition stages, the resulting constructs are "harvested" from the solid surface by cleavage and transferred from the automated production platform to a second standardized system for the fi nal assembly and quality control. Each transposition can be developed robustly up to the T5 level (5 transposition rounds), corresponding to a fragment length of 462 bp. If necessary, these "T5-building SPONSORED PAPER Figure 2 . Synthesis of larger fragments (transposition). In the transposition phase, individual elongation blocks are assembled to form the full-length gene constructs, again through repeated reaction cycles of ligation, washing, and restriction.
blocks" can be further assembled by standard recombinant DNA technology.
The Slonomics ® technology is also highly effi cient and ® technology is also highly effi cient and ® cost-effective. In contrast to classical strategies, where each oligonucleotide is individually designed and used for a single synthesis reaction, our building blocks are used for multiple reactions over the course of several synthesis projects. In addition, all steps of the process can be done in parallel, which allows for the simultaneous production of several gene constructs and enables the transfer of every working step to a robotic platform (Fig. 3A) . The complete synthesis is performed in multi-well plates, and hardware components with demonstrated suitability for robust production processes have been combined in an entirely computer-controlled system. This permits the fully-automated synthesis of any 462 bp DNA fragment, from design to end product, within a time frame of 44 hours (Fig. 3B ).
CONSTRUCTION OF THE GC-RICH SHADOW OF PRION PROTEIN GENE (SPRN)
Since our synthesis strategy is not based on the hybridization of single-stranded overlapping oligonucleotides, DNA sequences posing a challenge for classical PCA and non-PCA based synthesis technologies, for example, those with extremely high or low GC content, or those harboring direct repeats, can be constructed without diffi culty on our platform. As an example, we performed a de novo synthesis of the 456 bp open reading frame of the very GC-rich (79%) human shadow of prion protein gene (SPRN, Accession number BC040198). We fi rst extracted the DNA sequence of the SPRN gene from SPRN gene from SPRN GenBank and applied our automatic software for building block selection. In the initial step of gene assembly, 32 elongation blocks with 18 separately defi ned nucleotides were synthesized. Extension of splinkers by successive ligation steps gave rise to single bands without contaminating side products. The individual elongation blocks of SPRN were then subjected to 5 transposition reactions, SPRN were then subjected to 5 transposition reactions, SPRN resulting in 32, 61, 118, 233, and 462 bp products. The complete synthetic gene was then cloned into a plasmid, and fully correct clones were identifi ed by sequencing.
MATERIALS AND METHODS

Oligonucleotides
Hairpin oligonucleotides with three nucleotide 5´-overhangs representing the complete set of building blocks (4096 (4 6 ) anchors and 64 (4 3 ) splinkers) were synthesized by Operon Biotechnologies GmbH (Köln, Germany) in a 10 µmol scale. Anchor oligonucleotides are biotinylated and contain a recognition site for Eam1104I, whereas splinker molecules harbor a recognition site for Esp3I. All oligonucleotides were Esp3I. All oligonucleotides were Esp assessed for purity, binding effi ciency, ligation effi ciency, and effectiveness of cleavage by restriction enzymes.
Streptavidin-coated 96-well plates
Streptavidin-coated 96-well plates were developed in collaboration with Microcoat (Bernried, Germany). The plate surface was optimized for high DNA-binding capacity and highly effi cient and reproducible enzymatic reactions. Therefore, the plates were coated with a three-dimensional matrix containing cross-linked streptavidin.
Elongation of building blocks
All reactions were carried out in 96-well plates in a total volume of 150 µl. The initial ligation step was performed with 10 U of T4-DNA-Ligase (Fermentas, St. Leon-Rot, Germany) in 1× Tango™ buffer (Fermentas) with 120 pmol splinker and 100 pmol anchor for 15 min at room temperature. The resulting product was then bound to the streptavidincoated surface of a 96-well plate and incubated for 15 min at RT with constant shaking at 1300 rpm. After removal of the unbound fraction by washing with washing buffer (33 mM Tris-acetate, 10 mM Mg-acetate, 66 mM K-acetate), the elongated product was released by cleavage with 10 U Eam1104I in 1× Tango™ buffer for 90 min at 37°C. The enzyme was then heat inactivated for 10 min at 65°C, and the supernatant with the elongated splinker was transferred to a fresh uncoated well. Subsequently, the next anchor molecule with the appropriate overhang was added for a new cycle of elongation. After the last elongation step, the fi nal SPONSORED PAPER 
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product was controlled for purity and yield by polyacrylamide gel electrophoresis.
Transposition of elongation blocks
All reactions were carried out in a total volume of 150 µl. The synthesized elongation blocks were cleaved with Esp3I Esp3I Esp only (for blocks remaining bound to streptavidin), or with Eam1104I and Esp3I simultaneously (for soluble blocks), Esp3I simultaneously (for soluble blocks), Esp for 90 min in 1× Tango™ buffer at 37°C with 30 U of each restriction enzyme. After thermal inactivation of enzymes, the cleaved molecules were ligated to each other in a pairwise fashion via their three nucleotide and four nucleotide overhangs, respectively. This reaction step was carried out fi ve times to result in a T5 product with a size of 462 bp. The DNA product was then cloned and verifi ed by sequencing. These modules are subsequently assembled into larger products using classical recombinant techniques.
Building block selection and process control software
A proprietary algorithm and software package (implemented using JAVA EE 5 SDK, Sun Microsystems, Santa Clara, CA, and Eclipse as IDE) was developed for optimized decomposition of any target nucleotide sequence into a list of building blocks. At both termini of the target sequence, customized sequence extensions were introduced by default to achieve the necessary length for automated synthesis. The fully integrated system also runs the robotic platform for automated synthesis of standardized fragments up to 462 bp. The design process takes into account the following criteria: (i) avoidance of self-complementary fourbase overhangs during the transposition, (ii) analysis of the target sequence with respect to the occurrence of Eam1104I and Esp3I restriction sites and implementation of appropriate Esp3I restriction sites and implementation of appropriate Esp alternative strategies (e.g., use of other outside cutters or methylated anchors), and (iii) optional optimization of the target sequence in terms of codon usage, GC-content, or other technical requirements.
CONCLUSION
The superior performance of the Slonomics ® The superior performance of the Slonomics ® The superior performance of the Slonomics technology ® technology ® compared to classical gene synthesis methods is based on several factors. Firstly, unlike long, single-stranded oligonucleotides, the DNA building blocks used for our method are consistently of high quality due to their short lengths (27 and 33 nucleotides, respectively) and their essentially identical structure, for which the phosphoramidite synthesis procedure has been optimally adjusted. Secondly, given that they are designed to form double-stranded structures based on their self-complementing sequence, common problems resulting from the tendency for single-stranded oligonucleotides to form unwanted secondary structures are avoided. Finally, the oligonucleotides are produced simultaneously and in large scale and are used in synthesis reactions only after having passed comprehensive quality tests. The setup described here can be employed in many molecular biological applications, for example, tailor-made solutions for optimal gene expression and simultaneous production of individual gene variants. In addition, this technological advance enables the precisely controlled synthesis of highly diverse mutant libraries that can be screened for modifi ed proteins with specifi c functional properties.
